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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Experimental programs usually include distinct test subgroups, or samples, each of them consisting in a low number of 
specimens of similar characteristics with low parameter diversification (for instance, specimen shape and size). As a 
consequence, the reliability of the statistical assessment of th  failure phenom non is affected by such a diversity of samples, i.e. 
parameters and the low number of specimens included by each of the different samples being tested. In this paper, a methodology 
overcoming this limitation is presented, based on a generalized local model, denoted GLM, which allows the primary failure 
cumulative distribution function of failure PFCDF of the material to be derived from a joint evaluation of the different sample 
results as a whole. In this way, the reliability of the parameter evaluation is enhanced and the PFCDF, as a failure material 
characteristic, can be determined using experimental results obtained from distinct test programs implying diversified samples 
concerning specimen shape and size. The joint PFCDF allows the probability of failure for any of the samples to be predicted, 
irrespective of the parameters involved, whereas a significantly narrower confidence interval is ensured according to the total 
number of the results implied in the assessment. The applicability of the approach prop sed is demonstrated by simulation of an 
exp rimen al pr gram using the Montecarl  t chn que, wh ch provides satisfactory results. 
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Nomenclature 
GLM Generalized Local Model 
GP Generalized or reference parameter 
PFCDF Primary failure cumulative distribution function 
EFCDF Experimental failure cumulative distribution function  
Pfail Global probability of failure 
Psur  Global probability of survival 
Psur,ΔS Probability of survival for an elementary size ΔS  
Pfail,ΔS Probability of failure for an elementary size ΔS  
Pint Global probability 
𝜆𝜆 Location Weibull parameter 
𝛿𝛿 Scale Weibull parameter 
𝛽𝛽 Shape Weibull parameter 
Sref Reference size 
Seq Equivalent size 
 
1. Introduction and motivation 
The validation of failure models used in the fracture and fatigue analysis requires experimental programs 
generally comprising several test subgroups or samples consisting of few specimens tested under the same test 
conditions but implying a certain parameter diversification among each other in what concerns specimen shape and 
size. As a consequence, the reliability of the statistical assessment of the failure phenomenon is affected by such a 
diversity of samples, i.e. parameters and the low number of specimens included by each of the different samples 
being tested. To overcome this limitation, a generalized local model, denoted GLM, is proposed that allows the joint 
evaluation of all data to be conducted as a whole, thus enhancing the reliability of the parameter evaluation. A 
preliminary choice of the suitable generalized, or reference, parameter, as a failure characteristic, is required from 
which the primary failure cumulative distribution function PFCDF of the material is determined from the 
experimental test results, usually implying diversified specimen shape and size as already mentioned. Thereafter, the 
cdfs and confidence intervals are found for any of the samples implied, and their homogeneity checked. Once the 
parameter estimation for the different samples is satisfactory achieved, an iterative process is applied by pooling all 
the test results, independently of the sample origin, to derive the joint failure cdf. In this way, the PFCDF for any 
specimen shape and size may be obtained taking into account the distribution of the reference parameter, thus 
leading to a significantly enhancement of the reliability according to the larger number of results implied in the 
assessment. The applicability of the approach proposed is demonstrated by simulation of an experimental program 
using the Montecarlo technique, which provides satisfactory results. 
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2. Probabilistic model for joint assessment  
 
Figure 1. Flaw chart summarizing the joint assessment  
 
 
As summarized in the flow chart shown as Fig. 1, the joint evaluation of the experimental program comprises the 
following steps: 
2.1. Step 1: Experimental program 
In an experimental program, failure tests are carried out in the laboratory and the corresponding critical values, 
i.e. those at specimen failure, of the suitable reference parameter, whether load, maximum stress, strain, 
displacement in the test machine, energy, etc. are registered. Such data are the starting point to proceed to fit and 
evaluation of the failure cumulative distribution function (cdf) and to check the usefulness of the iterative method. 
An example with simulated data for failures by glass beams is first developed in order to facilitate understanding, 
implementation and dissemination of the GLM then applied to joint assessment of experimental failure tests carried 
out by the authors. The dimensions, main characteristics and results of the simulated data are shown in Fig. 2 
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Fig 2. Assumed data for the simulations: a) Primary failure cumulative distribution function; b) Specimen geometry; c) Simulated data 
2.2.  Step 2: Calculation of the local values of the reference parameter 
 Glass beams under bending load with Poisson’s v=0,20 and Young’s Modulus, E=70.000 MPa, are considered to 
be the specimens under study, whereas the generalized parameter is identified as the maximum principal stress at 
any the critical condition, i.e. when simulated test failure occurs. Assuming elastic behavior of the material, the 
distribution of the local values of the GP on the glass surface is determined using the Abaqus finite element code for 
each specimen type (geometry), see Fig  3. 
 
Fig 3. Maximum principal stress, as generalized parameter (GP), distribution over the specimen surface as resulting from the FE calculation 
 
 
a) 
b) 
c) 
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2.3. Step 3: Estimation of global probabilities 
The first difficulty to overcome in the joint assessment of experimental samples comprising heterogeneous 
specimen geometry or size, consists in the results ranking because the critical value of the generalized parameter 
reached at each test is related to its size or geometry. For this reason, the global probability of failure related to each 
test must be initially estimated from Eq (1) in order to proceed to the next step. 
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In the first iteration, the Weibull parameters could be randomly estimated although this may lead to saturated values 
of the global probabilities, i.e. 0 or 1, for all specimens. Therefore, an initial estimation of the Weibull parameters 
resorting to only one homogeneous test size and geometry would be advisable. Figure 4 shows the relation between 
the critical values of the GP and the global probabilities after the first iteration. 
 
 
Fig. 4. Maximum values of GP and global probability of failure obtained from each test (after first iteration) 
 
2.4. Step 4: Rank order assessment and allocation of probability 
The failure results are ranked in increasing order according to the global probability of failure obtained for each 
test. After that, a new probability of failure ( ifailP , ) is associated to each of them using a plotting position rule, such 
as that given by Bernard (1955): 
4.0
3.0
,



n
iP ifail
   
(2) 
2.5. Step 5: Transfer all results to the reference size 
It is important to notice that each critical value of the generalized parameter GP is associated with an equivalent 
size in such a way that if this equivalent size is subjected to such a GP value the same probability of failure occurs 
as the experimental one for the component when subjected to this critical value of the GP. In order to perform a joint 
assessment, each result must be referred to its corresponding reference size. To do this, the critical values of the 
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generalized parameter must be converted into GPeq , i.e. equivalent values of the generalized parameters, under the 
condition of equating the probability of failure for both cases, i.e. component as a whole and reference size element: 
 
 
      11log
ii failrefeq
PGP         (3) 
 
Figure 5 illustrates the conversion of all the critical GP values from their respective equivalent sizes to the 
common reference size 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Transferring all results to the common reference size 
 
2.6. Step 5: Fitting of Weibull parameter 
The Weibull parameter are estimated by fitting Eq.(4) to a straight line, obtaining the value of the three Weibull 
parameters for the iteration being. 
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Fig 6. Fitting on probabilistic paper and resulting PFCDF  
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2.7. Step 7: Convergence of Weibull parameters 
The last step of the iterative process implies evaluation of the convergence rate of the Weibull parameters by 
comparing the values obtained in the preceding iteration with the last one using the expression: 
 
   111 iiiiii        (5) 
 
If the change in the summation of the absolute values of  the three parameters remains below a prescribed 
threshold value ε, the iterative process is stopped and the parameter values obtained from the last iteration are 
considered to be the final solution. However, if that change is higher than ε, the iterative process returns to step 3 in 
order to improve the calculation of the global probability by modifying the rank order assigned. Figure 7 shows the 
convergence process of the Weibull parameters for the example being handled   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 7. Convergence of Weibull parameters. 
 
In order to check the quality of the primary failure cumulative distribution function PFCDF derived, an estimate 
of the experimental cumulative distribution function of failure ECDFF for each particular sample included in the test 
program may be found and compared this with the results experimentally obtained, see Fig. 8. 
Fig 8. a) Comparison between the EFCDF estimated from the PFCDF and the simulated experimental results and b) EFCDFs for either test 
type. 
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3. Conclusions 
The principal conclusions of this research are the following: 
• The proposed general local model, GLM, allows a unique primary failure cumulative distribution function, 
PFCDF, to be obtained from the experimental results as a material property, irrespective of the 
experimental program being used. The joint evaluation of all data from the different samples, as a whole, 
ensures higher reliability of the probabilistic assessment due to the joint evaluation performed. 
• The methodology proposed proves to be applicable without loss of generality regardless of the complexity 
of the failure criterion considered, and the specimen size and geometry or load conditions applied in the 
experimental program. In fact, an analytical expression for the generalized parameter distribution 
(maximum stress, in the particular case handled) is not necessary. In a general case, such a distribution is 
determined by means of a finite element calculation.  
• The applicability and suitability of model is illustrated with an example of simulated data showing 
satisfactory results despite the high scatter of the failure results assumed. 
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